Abstract. Ab-initio finite field SCF calculations with split valence double zeta basis set indicate that 9, 10-donor-acceptor substituted anthracene derivatives have large quadratic hyperpolarizabilities for suitable combinations of donor and acceptor moieties. A difference in the first hyperpolarizabilities (β total ) of isomeric organic chromophores containing the same donor and acceptor groups indicate the possible role of intramolecular charge transfer (ICT) in shaping the NLO response in these π-conjugated molecular chromophores. A correlation is sought to be established among calculated β total on one hand and the donor strength, the strength of the acceptor, donor-acceptor interaction and the donor-acceptor separation, on the other by using Genetic Algorithm (GA) to search through the relevant parameter space. It appears that β total of a molecule is dominantly determined by additive contributions from the donors and the acceptors. The results might be helpful in designing new NLO materials using the bichromophoric anthracene derivatives.
Introduction
There exist a class of materials, the so called NLO materials, that interact with applied electromagnetic fields generating new ones having altered frequency or phase or some other physical properties. The demand for such materials has been growing steadily due to the phenomenal progress in the fields of optical computing and communications, dynamic image processing, all optical switching devices, second or higher harmonic generations, etc [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Traditionally, inorganic solids like F eN bO 3 and KH 2 P O 4 have been the most used NLO materials. Later on, multilayered semiconductor structures and macromolecular π -electron assemblies became hotly pursued alternatives [13, 14] . Of the three classes of generic alternatives of NLO materials,viz., multilayered semi-conductor structures, molecular based macroscopic assemblies and traditional inorganic solids, the molecule-based macroscopic π -electron assemblies are endowed with several attractive features. We note here that the NLO response of molecule based materials is ultimately shaped by the NLO properties of the building blocks -the molecular chromophores [15, 16] . The task of designing of the molecule based macromolecular π -assemblies therefore boils down to the designing of molecules or molecular assemblies with desirable NLO characteristics. Over the years, the rudimentary design clues or thumb rules have been upgradedthanks to the availability of reliable computational techniques and the availability of the user friendly quantum chemistry softwares for computing NLO responses [17] [18] [19] . It has now reached a stage where experimentalists can sharpen their chemical intuition with the insight and the understanding provided by the computational analysis leading to efficient targeting of optimal chromophore structures capable of generating the desired level of NLO response. The origin of NLO response from a donor-acceptor based charge transfer molecules has been an intense area of research in molecular sciences [5, [20] [21] [22] . The strength of conjugation, or more precisely the extent of charge transfer plays a crucial role in determining the efficiency of charge transfer, hence, the NLO response. Recently, Nandi et al. [23] have shown that two isomeric molecular chromophores with equal length of conjugation differs in their NLO response due to the difference in the extent of longitudinal charge transfer interaction. A difference in first hyperpolarizability in three isomeric buckministerfullarenes have been studied by Fanti et al. [24] . They have concluded that the conjugation and inductive effect together contribute at the same time to determine the value of β total in the molecules referred to. Substituted anthracene derivatives have attracted attention of the scientific community due to their potential use as fluoroscent probes and application in methane uptake [25, 26] . These molecules are well establised as intramolecular charge transfer (ICT) chromophores but little seems to be known about their NLO response. Substitution at 9th and 10th positions of an anthracene ring are easier to achieve as the resulting loss of resonance energy is minimum, these molecules are easy to synthesize. These molecules have relatively low dipole moments which make them good potential candidates for designing non-centrosymmertic NLO crystals. Muralidharan et al. [27] measured the ground and excited state dipole moments of 9,10 disubstituted anthracene derivatives and concluded that ∆ µ ge values are generally much smaller compared to their benzene counterpart. Nevertheless, the ∆ µ ge values does not appear to be too small to make the anthracene derivatives silent to nonlinear optical polarization.
In this contribution we explore theoretically the possibility of using 9,10 substituted anthracene derivatives (Fig. 1A-AD) as potential molecular chromophores for fabricating new NLO materials. The idea behind exploring these molecular chromophores lies in the fact that these molecules allow charge to be transferred from the donor to the acceptor moiety in the excited state resulting in generation of higher excited state dipole moment compared to the ground state [17] . A Zwitterionic species is expected to be formed as shown in Fig. 2 . So, from a two state point of view [28] we can anticipate fairly high β total values for the aforesaid molecules. Unsubstituted anthracene ring has β total = 0, as expected on grounds of symmetry. A donor at C9 and an acceptor at C10 destroy the symmetry and create a 'push-pull' kind of polarized π -electronic structure that can, in principle, have large quadratic hyperpolarizability (β). To the best of our knowledge, such molecules have not so far been either experimentally or theoretically investigated for their NLO response. Our primary aim has been to investigate theoretically if such structures can lead to the emergence of large first hyperpolarizability and if so, what kind of donoracceptor combinations could maximize it. The charge transfer-governed parameters for controlling the NLO response at our disposal are -(i) the strength of the donor, (ε d ), (ii) the acceptor strength, (ε a ), (iii) the distance (l) over which the donor to acceptor transfer of charge takes place (l), and the type of l-dependance (power law)that β total could have. We plan to correlate the theoretically computed β total with ε d , ε a and l n using a simple Genetic Algorithm (GA). A cross-term involving ε d and ε a will also be introduced to model any non-linearity in the donor-acceptor interaction. The 9, 10 di-substituted anthracene derivatives chosen for the study are depicted in Fig. 1 . There are essentially four types of molecules, viz., Fig. 1A , 1B, 1C and 1D of which molecules 1B and 1C are structural isomers. They have been chosen to provide a wide range of variation in donor-acceptor strengths and disposition, and a limited amount of variability in the conjugative π -electron network across which charge transfer takes place. The NLO response of a few isomeric systems have also been analyzed with a view to understanding the role of intramolecular charge transfer in the emergence of large β total . 
Computational method

Calculation of dipole moment, polarizability and first hyperpolarizability
We have computed linear and nonlinear polarizabilities of all the thirty two anthracene derivatives at their theoretically computed equilibrium geometries using Gaussian 03 [29] quantum mechanical software package on a LINUX computational platform. The geometry optimization was carried out in two steps: (i) closed shell restricted Hartree-Fock (RHF) method at Austin Model 1 (AM1) level of approximation was first employed to compute the equilibrium structural parameters of each; (ii) those optimized structural parameters obtained from AM1 level of calculations were used as input to the Gaussian 03 and the geometry was re-optimized accurately at the Hatree-Fock level with 6-31G** basis set for all atoms. This split valence double zeta basis set uses linear combination of 6 primitive gaussians to describe the core electrons and linear combinations of 3 and 1 primitive gaussians to represent two basis functions of the valence electrons. Two asterisk denote polarization function added to both the heavy and light atoms in the molecule [30] . The level of theory used here has been reported to be adequate in describing the trends of the NLO response in organic chromophores [31] [32] [33] . Geometry optimization was carried out fully and linear and the first nonlinear optical response properties of the molecules were calculated using those optimized geometries. We have used the MOLDEN [34] software for the visualization of the optimized structures. CI singles (CIS) calculations were performed using the ground state optimized geometries of the molecules, whenever needed. The dipole moment of the molecules under investigation has been calculated using the following equation-
The components of linear polarizability appear in the Gaussiaon03 output in lower triangular order as follows: α xx , α xy , α yy , α xz , α yz and α zz . The average polarizability (α) of the molecules has been computed using the relation -
The first hyperpolarizability, β is a tensor of rank 3 with 27 components which can be reduced to 10 by virtue of Kleinman symmetry of the (3 × 3 × 3) matrix representing the β tensor. The Gaussian 03 output provide these 10 components of the (3 × 3 × 3) matrix as lower tetrahedral order, i.e., β xxx , β xxy , β xyy , β yyy , β xxz , β xyz , β yyz , β xzz ,β yzz and β zzz , respectively. These components have been used to define different types of hyperpolarizabilities in literature, such as β vector , i.e., the β projected in the direction of the dipole moment of the molecule; β parallel , that means, the components of the β parallel to the direction of the charge transfer in the ground state and β total which is computed [31] by using -
In general components of β appearing in Eq. (3) can be computed by using
Expressed in terms of Cartesian components it leads to
All the components of α and β reported here are in the atomic system of units.
Modeling the first hyperpolarizabilities of the molecules by using Genetic Algorithms (GA)
The β total obtained in the manner described in the preceding paragraph has been sought to be represented as
where, β 0 is supposed to represent the additive part of β coming from the anthracene ring structure itself in the presence of symmetry breaking substituents; the second, third and the fourth terms represent the donor contribution, the acceptor contribution and contribution coming from the nonlinear donoracceptor interaction, respectively. The last term represents contribution from the π -electron network across which the intramolecular charge transfer takes place. ε d and ε a are parameters representing donor Fig. 3 . The optimized geometry of 9-amino-10-nitroanthracene as calculated by using Restricted Hartree-Fock (RHF) method employing 6-31G** basis set in Gaussian03.
and acceptor strengths, respectively while l is the length of the conjugative electron transfer path. The ε d and the ε a are taken from references [35, 36] and the 'l' has been calculated by adding the equilibrium lengths of bonds making up the π -electron transfer network. It is possible that strong electron demand created by the acceptor at C10 position would modify the electron releasing ability of the donor. This interaction between the donor and the acceptor can be incorporated in the modeling by introducing an electron demand parameter 'g' in the non-linear donor-acceptor interaction term. With this additional parameter, we have -
After introducing the idea that the donor strength can be modified by the strength of the acceptor [37] , we have fitted the calculated β total values to the following equation -
, g and n are the free parameters that are optimized by a floating point GA developed locally [38, 39] . The GA uses a population of n p strings, each of which encodes 'm' floating point numbers representing the parameters β 0 , a, b, c, d, g and n, which are randomly chosen from a wide range of possible values of each parameter. The range is user specified. The 'fitness', f i of the i-th string Table 2 The ground state interatomic distances (in Angstrom) between pairs of atoms of Molecules B1-B12 as calculated by Restricted Hartree-Fock (RHF) theory employing 6-31G** basis set in Gaussian 03. The numberings of atoms are similar to those shown in Fig. 1 . The 8-9 refers to the length of the corresponding bond in the acceptor (N = O for nitro and nitroso, for example) 1.191 assuming that the form of the fitting function described in the Eq. (7) is used. The summation runs over all the molecules studied in the set. The strings were allowed to evolve under the action of the genetic operators, viz., selection, crossover, mutation and diversification. Tournament selection was used with arithmetic crossover, mutation and diversification in every generation. For the crossover operation, the crossover probability p c was kept fixed at 0.8, the mixing parameter f c at 0.75 ± 0.25r (r is a random number with 0 r 1). The mutation probability p m also was kept fixed at 0.3, and the mutation amplitude was gradually and uniformly damped from an initial value of f m = 10 to f m = 10 −12 . The diversification probability p d was held fixed at p d = 0.01 and the diversification amplitude f d was damped gradually from f d = 10 to f d = 10 −12 . From the pool of parents and offsprings, the two best strings were chosen after every generation while the remaining eight strings were randomly chosen from the offsprings. In all the calculations reported, population size n p = 10 has been used. Table 3 The ground state interatomic distances (in Angstrom) between pairs of atoms of Molecules C1-C4 and D1-D4 as calculated by Restricted Hartree-Fock (RHF) theory employing 6-31G** basis set in Gaussian 03. The numberings of atoms are similar to those shown in Fig. 1 . The 8-9 refers to the length of the relevent bond in the acceptor (N = O for nitro and nitroso, for example) 
Results and Discussion
The structure and properties of the molecules studied
The computed structure of 9-amino-10-nitroanthracene has been displayed in Fig. 3 . The predicted equilibrium bond lengths and bond angles are reported in Tables 1-3 . It has been found that all the molecules are practically planar. There are notable changes in the ground state bond lengths of the anthracene moiety following substitution. The C2-C3 bond (Fig. 1) length, for example, varies from 1.386 angstroms to 1.418 angstroms for the molecules A1-A12, depending on the donor-acceptor combinations. The calculated dipole moments (in Debye) of the molecules studied has been reported in Tables 4-6 . It has been observed that the dipole moments of these molecules are rather low, the lowest being 1.54 Debye (Molecule A12) and the highest one is 3.35 Debye (Molecule D3). The low dipole moment values decrease the tendency of these molecules to crystallize in centrosymmetric morphology, thereby increasing the possibility of using these chromophores for fabricating NLO materials. The (α) values computed by us for all the 33 molecules are reported in Tables 4-6 . There is only a small dispersion in the computed (α) values, as expected. The (α) varies from 163.93 a.u. to 187.09 a.u. for Tables 4-6 . The predicted β total values show a large dispersion, the lowest value being 21.21 a.u. (molecule A1) and the highest being 889.77 a.u. (molecule B2). The highest β total is exhibited by molecule-B2 which has −N H 2 as donor and -NO as acceptor and the length of the conjugative Π -electron transfer is maximum (l = 20.85 a.u.). If we compare the β total values for molecule -B2 and molecule -B3, molecule -B4, molecule -C4, we can clearly detect a maximization of β total as a function of the acceptor strength as both the donor strength (ε N H 2 ) and the length of the electron transfer path (l) remains the same for these four molecules. It appears therefore, that every donor may have an optimum acceptor for maximizing the first hyperpolarizability in a structurally similar set of molecules. Similarly, comparison of β total of molecules -B2 and B10 would tend to suggest that for the -NO moiety as acceptor, a better donor is provided by −N H 2 and not −N (CH 3 ) 2 for maximizing the β total . The effect of the length of the Π-electron transfer path can be easily noticed by comparing β total of molecules A2 and B2, molecules A3 and B3 and molecules A4 and B4. That the -NO group could be a good acceptor group that tends to maximize the quadratic NLO response can be once again noticed while comparing the β total of molecule C2 and C3 which have the the same donor group [−N (CH 3 ) 2 ] and identical 'l' value, but different acceptor groups (-CN and -NO). This feature was also noticed previously [35] . However, when all the factors are allowed to vary, the simple picture no longer works. The intramolecular charge transfer process in anthracene derivatives Table 7 The excited state (S1) dipole moments (µE) (in Debye) of two pairs of isomeric molecules and the first three vertical transitions energies (∆ E1, ∆ E2 and ∆ E3) (in eV) and oscillator strengths (fS0−S1, fS0−S2 and fS0−S3) calculated by CIS theory and employing 6-31G** basis set in Gaussian03. The ground state dipole moment (µG) (in Debye) has been reported for comparison has been studied experimentally by Muralidharan [40, 41] and Zachariasse [42] . Muralidharan [40] and coworkers have studied the photophysical properties of a series of 9,10-donor-acceptor substituted anthracene molecules. Dual fluoroscence has been detected for 9-amino-10-cyanoanthracene and its N-methyl and N,N-dimethyl analogues in polar solvents. The authors have argued that the dual emission originates from a locally excited (LE) and intramolecular charge transfer (ICT) states, which form in the excited state. To understand the role played by the ICT state, we have performed CIS calculations on two pairs of isomeric anthracene derivatives. The dipole moment (Debye)of the first excited state has been reported in Table 7 . The ground state dipole moment has also been reported for comparison. It appears that a large change in dipole moment in the excited may be responsible for higher β total in the molecules B1 and B4 compared to their corresponding isomers. The computed transition energies (in eV) alongwith the oscillator strengths of first three transitions (S 0 − S 1 , S 0 − S 2 and S 0 − S 3 ) have been reported in Table 7 . The oscillator strengths suggest that the absorption mainly populates the S 1 state, indicating that a two state model will suffice to explain the role of charge transfer, if any, in determining the value of β total .
The NLO response of isomeric molecules
We have observed that the first hyperpolarizability of a molecule may be notably different from its structural isomer (Fig. 1) . The molecules in the B and C series of Fig. 1 are corresponding structural isomers of each other, but their NLO responses are remarkably different. For example, the β total value of Molecule B1 is 841.29 a.u. vis-a-vis 143.37 a.u. for Molecule C3, a structural isomer of the former. A difference in the first hyperpolarizability values shown by two isomeric molecular chromophores underscores the importance of the extent of charge transfer in these systems in determining the possible NLO response. A schematic diagram of charge transfer in two pairs of structural isomers, viz., B1 and C1 and B4 and C4 has been shown in Fig. 2b . The CIS calculations have been performed and the S 1 state dipole moment alongwith the transition energies and oscillator strengths of the first three vertical transitions have been reported in Table 7 . It can be observed that higher β total values have been associated with higher increase in dipole moment in the excited state S 1 compared to ground state S 0 . It is also clearly seen that the isomer with the lower energy of the first excited singlet and higher oscillator strength of the S 0 − S 1 transition has much higher β total . It would be interesting to check this feature for a much larger number of structurally isomeric pairs. We hope to return to the topic in the near future.
Modeling the NLO response in the anthracene derivatives
From the preceding discussion, it seems worthwhile to try to fit the predicted β total values either as functions of the seven parameters of Eq. (7) or the six parameters of Eq. (8) and then examine how Table 8 All the free parameters obtained from GA couple fitting for β. total using Eqs (7) and (8) Parameters Eq. (7) Eq. (8 the two equations perform in correlating β total of molecules outside the training set. The GA based search predicts the optimal values of the six parameters of Eq. (6) or the seven parameters of the Eq. (7), depending upon the model used. However, we have set β 0 = 0 in each case as actual calculation with symmetry broken bare anthracene ring (donor and acceptor replaced by H-atom after full geometry optimization) indicate that β 0 is very small are varies from 0 a.u. to 5 a.u., when calculated at the present level. The optimized parameters are shown in Table 8 . The β total values predicted by the respective optimal fitting functions along with the computed β total are displayed in Tables 9-11 for the A, B, C and D series of molecules. Figure 4a shows the evolution of the fitness of the best fit individual during the GA-driven optimization of the parameters of the model represented by Eq. (7) while the Fig. 4b shows the evolution of various parameters during the search. The values of β total predicted by the 7 parameter model have been compared with the quantum chemically predicted values of β total in Fig. 4c . It is clear that the model works fairly well, but fails to reproduce the exalted β total values of some of the molecules. Figures 5 (a-c) display similar profiles for the 6 parameter model. There are no major differences in the performances of the seven parameter model vis-a-vis its six parameter counterpart. It appears that the dominant contributions are the additive ones. The contribution from the chain-length dependent part of the response and that arising from the nonlinear donor-acceptor interaction are rather small. The predicted optimal value of the index (n) of the power law dependence of β total on 'l' turns out to be rather low in the 7 parameter model compared to what is predicted by a uniform gas model [43] . The value of 'n' predicted by the 6 parameter model appears to be more realistic. The general quality of the fit is good, but too high values (B1 and B2, for example) are not reproduced. However, the fitting function can still be used for quick screening of molecules for their suitability for fabricating new NLO materials.
Conclusion
We have taken a step-wise approach to model the non-linear optical (NLO) response properties of a series of new charge transfer based organic chromophores that can be potential candidates for experimental screening. Our investigation shows that 9,10-substituted anthracene derivatives display large first hyperpolarizability (β total ) which can be maximized by the judicious selection of donoracceptor pairs. The β total has been modeled by a six or seven parameter function by GA. The dominant contributions to β total are additive and are primarily from the donor and the acceptor moeities. The emergence of large β total for some of the molecules indicate the creation of resonance condition not reproduced by the fitting equations.
